The performance of an action relies on the initiation and execution of appropriate movement sequences. Two basal ganglia pathways have been classically hypothesized to regulate this process via opposing roles in movement facilitation and suppression. By using a series of state-dependent optogenetic manipulations, we dissected the contributions of each pathway and found that both the direct striatonigral pathway and the indirect striatopallidal pathway are necessary for smooth initiation and the execution of learned action sequences. Optogenetic inhibition or stimulation of each pathway before sequence initiation increased the latency for initiation: manipulations of the striatonigral pathway activity slowed action initiation, and those of the striatopallidal pathway aborted action initiation. The inhibition of each pathway after initiation also impaired ongoing execution. Furthermore, the subtle activation of striatonigral neurons sustained the performance of learned sequences, while striatopallidal manipulations aborted ongoing performance. These results suggest a supportive versus permissive model, where patterns of coordinated activity, rather than the relative amount of activity in these pathways, regulate movement initiation and execution.
INTRODUCTION
The ability to select the actions that we want to do in a particular situation is critical for life. However, a particular action is typically composed of complex sequences of movement. Therefore, besides initiating the appropriate movement sequence, it is also important to monitor and maintain the performance of ongoing movements after initiation. Basal ganglia-thalamo-cortical loops are critical for the selection and organization of actions (Albin et al., 1989; Alexander and Crutcher, 1990; Bar-Gad et al., 2003; Cui et al., 2013; DeLong, 1990; Eliasmith et al., 2012; Graybiel, 1998; Hikosaka et al., 2000; Jin and Costa, 2010; Kravitz et al., 2010; Mink, 1996) . Previous studies have suggested that activity in basal ganglia circuits is important for the initiation and the performance of action sequences (Boyd et al., 2009; Graybiel, 2005; Jin et al., 2014; Kao et al., 2005; Olveczky et al., 2005; Schmidt et al., 2013) . It has been hypothesized that the two projection pathways originating in the striatum-the striatonigral (direct pathway that directly projects to the basal ganglia output) and the striatopallidal (indirect pathway)-have opposing roles in action selection and ongoing action modulation (Alexander and Crutcher, 1990; DeLong, 1990; Durieux et al., 2012; Gerfen et al., 1990; Kravitz et al., 2010; Tai et al., 2012) . Consistently, it has been shown that the separate activation of each of these pathways reveals an opposing contribution of each projection pathway to movement (Hikida et al., 2010; Kravitz et al., 2010; Tai et al., 2012; Tecuapetla et al., 2014) . However, recent studies examining the activity of these projection pathways during the initiation of naturalistic movements or learned action sequences have revealed that both projection pathways are concurrently active during sequence initiation (Cui et al., 2013; Isomura et al., 2013; Jin et al., 2014; Tecuapetla et al., 2014) and are differentially modulated during sequence performance (Jin et al., 2014) .
It is therefore crucial to causally test if the activity in each of the striatal projection pathways is critical for the initiation of actions. Furthermore, it is also important to determine if the activity in striatonigral and striatopallidal neurons is necessary for the ongoing execution of action sequences after they are initiated. In this study, we used state-dependent optogenetics manipulations to inhibit or activate the activity of each striatal projection pathway, independently or simultaneously, while animals initiated or executed a learned action sequence. The findings presented here are not compatible with a rate model in which relative activity between these pathways promote more or less movement, but rather the findings suggest a model in which complementary activity patterns in each of these projection pathways are important for smooth action initiation and execution.
continuous reinforcement, animals were trained for 11-12 days in a fixed ratio 8 schedule (FR8), where a reinforcer (10% sucrose) was dispensed every eight presses. Animals gradually organized their presses in sequences or bouts ( Figure 1A ) and decreased the proportion of single lever presses (both for C57BL/6J animals, n = 8; Figure 1B , upper; for the cohorts of Cre animals, see Figure 1B, bottom) . The percentage of lever press sequences (bouts with R2 lever press) became stable after 4 days of training in the FR8 schedule (FR8 session 4-11; p > 0.05; Kruskal-Wallis; both for C57B6/J and Cre animals; Figure 1B ). The mean number of lever presses per sequence increased with training and then remained stable (4 ± 0.6 on day 1; 6 ± 0.8 on day 6; 6 ± 0.7 on day 11, Kruskal-Wallis, day 1 versus 6 p < 0.03; day 6 versus 11 p > 0.05). With training, mice developed a stereotyped path from the magazine to the lever (after consuming the reward they moved toward the lever to start the next sequence of lever presses; Figure 1C ; Movie S1). We placed an infrared beam in this path and measured the latency of the animals to start a new sequence of lever presses. We verified that after just a few days of training animals showed a rather stable latency between crossing the infrared (IR) beam and performing the first lever press of a sequence ( Figure 1D , top, C57BL/6J, n = 8, bottom; Cre animals, at least six animals per group).
Inhibiting the Activity of Each Projection Pathway before Sequence Initiation Increased the Latency to Initiate Action Sequences
Previous studies have shown that the dorsolateral striatum (DLS) is critical for the execution of well-learned motor sequences (Yin, 2009 (Yin, , 2010 Yin et al., 2005) , and activity in striatal projection neurons in DLS correlates with the initiation and execution of action sequences (Jin and Costa, 2010; Jin et al., 2014; Jog et al., 1999) . To achieve optogenetic manipulations of the activity of specific projection pathways in DLS, mice expressing Cre recombinase under specific promoters were bilaterally injected with viruses (AAV2/1) that express the opsin of interest in a Cre-dependent manner (ArchT for inhibition and ChR2 for activation experiments; Figure 1E ) and implanted with fiber optics above the site of viral injection ( Figure 2B ).
To achieve simultaneous inhibition of both striatal pathways, we injected a virus that expressed Archaerhodopsin in a Credependent manner (Flex-ArchT-GFP) into the DLS of RGS9L Cre mice that express Cre in the striatal projection neurons of both pathways ( Figures 1G-1I ). To achieve selective expression of ArchT-GFP in either the striatonigral or the striatopallidal pathways, we injected the Flex-ArchT-GFP virus into the DLS of either D1-Cre (FK150 or the more striatal-specific EY217) mice, or D2-Cre and A2A-cre mice (ER43 and KG139), respectively (Figures 1E, left, and 1J) . We used more than one Cre line for each cell type to ensure that the effects observed reflected the manipulation of striatonigral and striatopallidal neurons (general D1-Cre lines target neurons outside the striatum and D2 receptors may be expressed in some striatal interneurons) (Cui et al., 2013; Tai et al., 2012) . Using stereological counting, we determined that 32%-35% of all neurons in the injection area were infected ( Figure 1F ). The expression of ArchT-GFP did not change the intrinsic properties of the neurons for up to 3 weeks after expression ( Figure S1F ).
We verified ex vivo and in vivo that green-light illumination caused the inhibition of ArchT-GFP-expressing neurons (Figure S1 ). We used 25-35 mW measured at the fiber tip to achieve a sufficiently large modulation in vivo. We calculated the number of neurons in each hemisphere that could be optogenetically manipulated based on 35% of the cells being infected (Figure 1F ), the spread of the viral infection (>0.5 mm; see Figure 1E ), the estimation of the light penetration , and the density of neurons (see the Supplemental Experimental Procedures; 6,900 neurons in 0.300 mm 3 ). We estimated that approximately 1,700 neurons per hemisphere received enough light to be inhibited in the case of ArchT, and approximately 1,400 to be activated in the case of ChR2 (see the Supplemental Experimental Procedures). After injection of the virus, animals recovered for about 3-4 days and then training started. After 11-12 days of training on FR8, animals were subjected to optogenetic manipulation test sessions. During test sessions, we performed an intra-session comparison for each animal between blocks in which the light was on versus blocks in which the light was off (the behavioral session was divided into three blocks, unless otherwise specified during the text), allowing us to compare the effects of light in each animal within the same session (see Figure 2) .
To study the contribution of each basal ganglia pathway in the initiation of an individual action sequence, we manipulated the activity of the striatal cells before the first lever press of each bout or sequence of presses ( Figure 2A ). We took advantage of the fact that training animals developed not only stereotyped sequences of lever pressing but also a preferred path from the food magazine to the lever press (see Movie S1). We placed a vertical infrared beam between the food magazine and the lever; this allowed us to trigger the optogenetic inhibition before the first lever press (Figure 2), ensuring that striatal neurons were inhibited before the first lever press (light on for 5 s, inhibition starting on average after 57 ± 20 ms after light onset). The latency between IR beam crossing and first lever press on the day of optogenetic inhibition before optogenetic manipulation was as follows: RGS9-ArchT eYFP (median [mean ± error] We observed that simultaneous inhibition of the activity of both striatal pathways increased the latency to perform the first press of the sequence (RGS9L ArchT-GFP light off = 2.3 ± 0.7 versus light-on = 5.6 ± 1.4; n = 8; Z = 2.38; p < 0.05, Wilcoxon test; Figure 2C, middle) . We also verified that this effect was not due to a decrease in performance along the test behavioral session by comparing the relation between the light-on and light-off blocks during the test session (L_on) with the same blocks in a control session (with no light delivered during sequence initiation; L_off) and corroborated that the simultaneous inhibition of both pathways increased the latency to initiate an action sequence (RGS9L ArchT-GFP L_off = 1.1 ± 0.1 versus L_on = 3.1 ± 1.1, n = 8; Z = À1.96; p < 0.05, Wilcoxon test; Figure 2C (J) Quantification of pixel intensity normalized to maximum intensity from three different target nuclei of the striatum. Cx, cortex; Str, striatum; GP, globus pallidus; GPm, Globus pallidus medial and SNr, Subtantia nigra pars reticulata. See also Figure S1 and Movie S1.
blocks of no light manipulation during the session of optogenetic inhibition versus the control session). Furthermore, we also verify that this effect was specific to the presence of ArchT in the striatal cells, because we did not observe it in animals expressing only eYFP (RGS9L eYFP L_off = 2.6 ± 1.0 versus L_on = 2.0 ± 0.3, n = 7; Z = 0.86; p > 0.05, Wilcoxon test; Figure 2C , right bottom). These results show, in a temporally precise manner, that striatal activity is required during action initiation, but they do not show whether there is a specific contribution of each projection pathway. Therefore, we investigated the effect of inhibiting each pathway on action initiation. Inhibition of striatonigral pathway activity before the first press of a sequence (using the D1-Cre lines) also increased the latency to initiate the action sequence (D1-Cre ArchT-GFP, light off = 4.5 ± 1.0 versus light on = 15.4 ± 6.2; n = 9, Z = 2.66; p < 0.01, Wilcoxon test; Figure 2D , middle). This effect remained consistent when controlling for any potential order effect of the light-on and light-off blocks during the session (n = 9; Z = À2.07; p < 0.05, Wilcoxon test; Figure 2D , upper right; Table S1 ) and was not observed in D1-Cre animals expressing only eYFP (n = 6, Z = À1.57; p > 0.05, Wilcoxon test; Figure 2D , bottom right; Table S1 ). Interestingly, inhibition of the activity of the striatopallidal pathway had a similar effect in increasing the latency to initiate a sequence of lever presses Table S1 .
(D2/A2A-Cre ArchT-GFP light-off = 2.7 ± 0.9 versus light-on = 7.3 ± 2.2, n = 10; Z = 2.80, p < 0.01, Wilcoxon test; Figures 2E, middle). This effect remained significant when controlling for any potential effect of the order of the blocks (n = 10; Z = À2.19; p < 0.03, Wilcoxon test; Figure 2E , right upper; Table  S1 ) and was not observed in D2/A2A-Cre animals expressing only eYFP (n = 7; Z = À0.50; p > 0.05, Wilcoxon test; Figure 2E , right bottom; Table S1 ). Interestingly, the magnitude of the increase in latency was the same when both pathways were inhibited versus only one or the other being inhibited ( Figure S2J ; p > 0.05; Kruskal-Wallis test).
In a separate set of experiments we expressed ChR2 in parvalbumin-positive striatal interneurons (PV-Cre) to indirectly inhibit the activity of striatal projection neurons during action initiation. Increasing the activity of PV-positive GABAergic striatal interneurons before sequence initiation (14 Hz stimulation) also resulted in an increase in the latency to perform the first press of a sequence (PV-Cre ChR2-GFP light off = 1.8 ± 0.4 versus light on = 2.9 ± 0.8 s, n = 12; Z = 2.98, p < 0.004, Wilcoxon test; Figure S3B , Light on). This effect was consistent when compared with a similar block in a control session (n = 11; Z = 2.22; p < 0.05, Wilcoxon test; Figure S3B , left; Table S1 ) and was not a general effect of manipulating the activity of striatal cells, as it was not observed when ChR2 was expressed in cholinergic-positive interneurons (n = 9; Z = 0.17; p > 0.05, Wilcoxon test; Figure S3C ; Table S1 ).
Together, these experiments suggest that the activity of striatal projection neurons is critical for action initiation and that activity in both striatal pathways is necessary for the appropriate initiation of an action sequence.
Increasing the Activity of Each Projection Pathway before Sequence Initiation Also Increased the Latency for Action Initiation
The previous results question the classical rate model in which the relative firing rate of direct versus indirect pathway neurons promotes movemen, and the opposite promotes lack of movement. We therefore tested directly whether activation of striatonigral or striatopallidal neurons before movement initiation would promote and inhibit movement initiation. We started by using a stimulation frequency of 5 Hz, close to the average firing rate of striatal projection neurons in vivo (Costa et al., 2004; Jin and Costa, 2010; Tecuapetla et al., 2014) . When we simultaneously stimulated the activity of both pathways before sequence initiation, we observed an increase in the latency to initiate the action sequence (RGS9L ChR2-eYFP 5Hz, light off = 3.1 ± 0.4 versus light on = 5.8 ± 0.4, n = 7, Z = 2.36; p < 0.05, Wilcoxon test; Figure 2F , middle). A similar result was obtained if striatal projection neurons were stimulated at a higher frequency (RGS9L ChR2-eYFP 14 Hz, light off = 1.9 ± 0.3 versus light on = 6.5 ± 0.5, n = 7, Z = 2.36; p < 0.05, Wilcoxon test; Figure 2I , middle). Similarly, when we enhanced the activity of either striatonigral or striatopallidal neurons just before the onset of action sequence initiation, we also observed an increase in the latency for sequence initiation (D1 ChR2-eYFP 5 Hz, light off = 1.3 ± 0.1 versus light on = 6.1 ± 0.7; D1 ChR2-eYFP 14 Hz, light off = 2.7 ± 1.1 versus light on = 10.0 ± 2.3; D2/ A2A ChR2-eYFP 5 Hz, light off = 1.5 ± 0.3 versus light on = 3.3 ± 0.8; D2/A2A ChR2-eYFP 14 Hz, light off = 1.5 ± 0.2 versus light on = 7.3 ± 0.9; p < 0.05, Wilcoxon test; Figures 2G, 2H , 2J, and 2K, middle). The same effects were observed when we normalized the increase in latency of sessions with light stimulation to sessions without light stimulation (p < 0.05, Wilcoxon test; Figures  2G, 2H , 2J, and 2K, right and upper in each figure; Table S1 ), and no effects on latency were observed in eYFP-expressing animals (p > 0.05, Wilcoxon test; Figures 2G, 2H , 2J, and 2K, right bottom in each figure; Table S1 ).
These experiments show that enhancing the activity of either striatal projection pathway before the onset of action initiation did not facilitate, but rather impaired action sequence initiation, suggesting that specific activity patterns (Jin et al., 2014) , rather than rate of activity in these pathways, are critical for appropriate action initiation.
Manipulating the Activity of Striatonigral Neurons Slowed Action Initiation, while Manipulating the Activity of Striatopallidal Neurons Disrupted Action Initiation
To further characterize the increases in latency observed after inhibiting or stimulating the different basal ganglia pathways, we analyzed the videos of the animals while initiating the action sequences (see the Experimental Procedures). We observed that manipulations of the activity of the striatonigral pathway slowed the initiation of the action sequence ( Figures 3C and 3E , middle), with the animals staying in the same path and zone of initiation (Z1; determined for each animal; see the Experimental Procedures) and resuming immediately pressing after the stimulation was turned off ( Figure 3C ; Movie S2). On the other hand, manipulations of striatopallidal activity prompted animals to leave the initiation zone, and to abort sequence initiation (inhibition: D2/A2A-Cre ArchT GFP switches between zone 1 to zone 2; light off = 0.4 ± 0.2 [median = 0] versus light on = 2.2 ± 0.6 [median = 2]; n = 7; Z = 2.21; p < 0.05, Wilcoxon test; Figures 3D and 3E, lower ; activation D2/A2A-Cre ChR2 eYFP 14 Hz switches between zones 1 to 2; light off = 0.6 ± 0.5 [median = 0] versus light on = 11.1 ± 2.5 [median = 9], n = 9; Z = 2.56, p < 0.02, Wilcoxon test) (Movie S3). Furthermore, the number of switches after inhibition or overactivation of striatopallidal neurons was significantly higher than the number of switches after inhibition or overactivation of striatonigral neurons (p < 0.05; Kruskal-Wallis test; Figure S4 ). Simultaneous inhibition or activation of both BG pathways did not cause an abortion of action sequence initiation, indicating that it was the imbalance between striatopallidal and striatonigral activity that disrupted sequence initiation (Figures 3B and 3E, upper) .
Therefore, although manipulations of activity in both pathways caused increased latency for action initiation, this occurred for different reasons: manipulating the activity of striatonigral neurons slowed action initiation, while manipulating the activity of striatopallidal neurons aborted action initiation, and caused the animals to switch to other behaviors.
Inhibiting the Activity of Striatal Projection Pathways during Action Sequence Performance Decreased Pressing Frequency
To investigate whether the activity of each basal ganglia pathway is required during the execution of action sequences, in separate sessions, we inhibited the activity after sequence initiation. This was achieved by triggering the light manipulations on the first lever press of a sequence ( Figure 4A ). We observed that the simultaneous or independent inhibition of each basal ganglia pathway decreased the number of lever presses executed during the 5 s of light inhibition (p < 0.05, Wilcoxon test; not observed in eYFP, p > 0.05, Wilcoxon test; Figure 4B , bottom; Table S2 ). Furthermore, when analyzing the videos of the animals, we found that only the inhibition of the indirect pathway showed an increase in the number of times that animals aborted the ongoing performance (D2/A2A-Cre ArchT GFP light off = 0.4 ± 0.2 [median = 0] versus D2/A2A-Cre ArchT GFP light on = 2.2 ± 0.6 [median = 2], n = 7, Z = 2.21, p < 0.03; Figure 4C ).
These results show that the activity of both basal ganglia pathways is required for action performance and that appropriate activity of the indirect pathway is critical for animals to continue ongoing behavior and not to switch to different behaviors.
Activation of the Direct Pathway after Sequence Initiation Supports the Performance of Ongoing Action Sequences
The results reported above are not consistent with a prokinetik/ antikinetic model for the different striatal projection pathways. Rather, they suggest that both pathways are necessary for movement initiation and performance, with the direct pathway supporting the initiation and execution of the desired action (animals slow down/pause initiation and execution with direct pathway inhibition) and the indirect pathway permitting it by inhibiting competing actions (animals abort initiation and execution with indirect pathway inhibition). We therefore tested if subtle biasing of the activity of direct pathway neurons after sequence initiation would be sufficient to maintain ongoing performance. Indeed, when we activated striatonigral neurons at 5 Hz after sequence initiation, we observed an increase in the number of lever press in the sequence (D1-Cre ChR2 eYFP 5Hz-presses-L1 light off = 5.6 ± 0.3 versus D1-Cre ChR2 eYFP 5Hz-presses-L1 light on = 8.9 ± 0.4; n = 12; Z = 3.05; p < 0.002; Wilcoxon test; Figures 5A and 5B, Stim L1; Movie S4), and during the period of the stimulation (D1-Cre ChR2 eYFP eYFP 5Hz-L1-stim light off = 4.5 ± 0.2 versus D1-Cre ChR2 eYFP 5Hz-L1-stim light on = 5.9 ± 0.6; n = 12; Z = 1.96; p < 0.05; Wilcoxon test; Figure 5C ). The corresponding comparison with a control session with no light manipulations showed that this increase was not due to a change in performance along the session (see Figure S5A ). This increase in performance was not observed in D1-Cre animals expressing only eYFP (D1-Cre ChR2 eYFP 5Hz-presses-L1 light off = 6.9 ± 0.2 versus D1-Cre ChR2 eYFP 5Hz-presses-L1 light on = 6.8 ± 0.4; n = 8; Z = 0.14; p > 0.05; Wilcoxon test; Figure 5B ), or in D2/A2A-Cre animals ( Figure 6B ). Furthermore, this maintenance of ongoing actions by low-frequency activation of the direct pathway was observed even if we deliver the light stimulation later during the sequence, for example, after the fourth lever press of the sequence (D1-Cre ChR2 eYFP 5Hz-presses-L4 light off = 7.2 ± 0.6 versus D1-Cre ChR2 eYFP 5Hz-presses-L4 light on = 10.4 ± 0.6; n = 7; Z = 2.36; p < 0.02; Wilcoxon test; Figures 5E and 5F , Stim L4). Interestingly, the latency to initiate the next sequence was not decreased (D1-Cre ChR2 eYFP 5Hz-latency light off = 2.0 ± 0.3 versus D1-Cre ChR2 eYFP 5Hz-latency light on = 3.8 ± 1.0; n = 10; Z = 1.88; p > 0.05; Wilcoxon test; Figure 5D ), suggesting that this brief stimulation was not reinforcing.
To directly test if this effect was due to reinforcement of ongoing behavior or to the activation of neurons involved in the performance of the well-learned sequences, we performed a separate experiment in which we stimulated the activity of the direct pathway, except we did so early in training (first day of FR8 training, third block; matching the days of ChR2 eYFP expression). The same low-frequency activation of direct pathway neurons (5 Hz) early in training did not produce a change in the number of lever presses (D1-Cre ChR2 eYFP 5Hz-presses-L1early light off = 6.4 ± 0.4 versus D1-Cre ChR2 eYFP 5Hz-presses-L1early light on = 6.6 ± 0.4; n = 4; Z = 0.73; p > 0.05; Wilcoxon test; Fig- ure 5B, Sim L1 early), supporting an interpretation where the increase in performance was due to the activation of neurons involved in sequence performance after training.
To further test that the increase in pressing due to direct pathway activation was not positively reinforcing lever pressing, we compared experiments of low-frequency activation of the direct pathway in a block of light off before versus a block of light off after the stimulation block. We reasoned that if the activation of the D1-Cre ChR2 eYFP during the stimulation block would be per se rewarding, we could expect to have an enhancement in the performance of the light-off after . We found no difference between the number of lever presses before a block of direct pathway stimulation (light off before ) and immediately after (light off after ; D1-Cre ChR2 eYFP light off before = 5.7 ± 0.3 versus D1-Cre ChR2 eYFP light off after = 6.5 ± 0.4; n = 12; Z = 1.25; p > 0.05; Wilcoxon test; Figure 5G ). We also found no difference in the latency to initiate the action sequence before and after stimulation (D1-Cre ChR2 eYFP 5Hz-latency light off before = 2.0 ± 0.3 versus D1-Cre ChR2 eYFP light off after = 3.8 ± 1.0; n = 10; Z = 1.88; p > 0.05; Wilcoxon test; Figure 5H ). Furthermore, we observed that the average reward rate (ten per block) did not change during the stimulation block (D1-Cre ChR2 eYFP 5Hz-reward/rate light off = 632 ± 322 s versus D1-Cre ChR2 eYFP 5Hz-reward/rate light on = 660 ± 353 s; n = 12; Z = 0.54; p > 0.05; Wilcoxon test).
These results are consistent with a view in which maintenance of the appropriate pattern of activation of dMSNs (direct pathway medium spiny neurons) supports action performance. However, they could also be viewed as supporting a prokinetic rate model for striatonigral neurons. If the rate of dMSN activity would promote the ongoing movement then overactivation of dMSNS should further promote movement, and have the opposite effect of dMSN inhibition. If, on the other hand, it is the A) Experimental setup for control blocks (light off, second block) and blocks of light manipulations (light on, third block). Note that, in this case, light inhibition was triggered when animals performed the first lever press in a sequence of lever presses. (B) Number of lever presses during 5 s of light manipulation (on) and no light manipulation (off) to inhibit the striatal projection pathways targeted by the corresponding Cre mouse lines. Bottom: the same data as in the upper panels is presented, except the data are normalized (dark green); the corresponding control groups of animals expressing only eYFP are included.*p < 0.05; Wilcoxon test. (C) Analysis presenting the number of crosses out of zone 1 (Z1), tracking the body position for blocks of no light manipulation (off) versus the blocks of light manipulation (on). *p < 0.05; Wilcoxon test. See also Table S2 and Movie S4. appropriate level of activity that supports the execution of the action sequence, then both inhibiting the neurons and overactivating dMSNs should impair ongoing movement. We observed that further increasing the light power at the tip of the fiber further increased the number of presses for animals for which lower power did not have a large effect, but decreased it for animals where lower power had a substantial effect ( Figure S5A ). This indicates that there are an ideal number of activated cells to cause the increase in behavior, and that activation of more cells resulted in less behavior, and suggests that the sustained performance effect results from the activation of a specific motor pattern, and not about reinforcing any behavior. We also observed that increasing the frequency of stimulation (14 Hz, well above the normal firing rate of MSNs), resulted in a decrease in the number of lever presses during stimulation (D1-Cre ChR2 eYFP 14Hz-press-stim light off = 5.3 ± 0.4 versus D1-Cre ChR2 eYFP 14Hz-press-stim light on = 2.2 ± 0.3; n = 10; Z À2.70; p < 0.007; Wilcoxon test; Figure 5K ). eYFP controls did not show any effect ( Figure 7F ). Interestingly, animals resumed pressing immediately after stimulation ( Figure 5I ), and there was no change in the total number of sequences (D1-Cre ChR2 eYFP 14Hz-seq light off mean = 6.9 ± 0.8 versus D1-Cre ChR2 eYFP 14Hz-seq light on = 7.2 ± 0.7; n = 10; Z = 0.119; p > 0.05; Wilcoxon test; Figure 5J ). Furthermore, analyzing the videos of the animals during stimulation, we observed that during 14-Hz stimulation of the dMSN pathway, the animals remained in the zone of performance (D1-Cre ChR2 eYFP switches between zone1 to zone2 median 14Hz light off = 1 [mean ± error = 1.2 ± 0.4] versus D1-Cre ChR2 eYFP median 14Hz light on = 0.5 [mean ± error = 1.5 ± 0.8]; n = 8; Z = 0.00; p > 0.05, Wilcoxon test; Figure 5L ).
Taken together, these results suggest that subtle activation of dorsolateral striatonigral neurons after sequence initiation was sufficient to support the performance of well learned actions. This effect was not due to reinforcement, and likely due to the stimulation of the specific ongoing motor pattern because it was not observed in animals with low levels of training and was impaired (but not aborted) by higher frequency of activation of these neurons, or by the activation of more neurons.
Activation of Striatopallidal Neurons after Sequence Initiation Aborted Ongoing Action Sequences
Contrary to what was observed for dMSN, stimulation of iMSN (indirect medium spiny neurons) at 5 Hz after the sequences were initiated (after the first press) did not affect the number of presses during light activation (D2/A2A-Cre ChR2 eYFP 5Hz-presses light off = 4.52 ± 0.31 versus D2/A2A-Cre ChR2 5Hz-stimulation light on = 5.0 ± 0.6; n = 13; Z = 1.15; p > 0.05; Wilcoxon test; Figure 6C ) or the total number of lever press (D2/A2A-Cre ChR2 eYFP 5Hz-presses light off = 4.9 ± 0.3 versus D2/A2A-Cre ChR2 eYFP 5Hz-presses light on = 5.8 ± 0.6; n = 13; Z = 1.81; p > 0.05; Wilcoxon test; Figures 6A and 6B) . However, during activation of the iMSN neurons at a higher frequency (14 Hz), many sequences were aborted, with animals abandoning the usual zone of performance (D2/A2A-Cre ChR2 eYFP switches between zones 1 and 2 median 14Hz-stim light off = 0 [mean ± error = 1.7 ± 1.4] versus D2/A2A-Cre ChR2 eYFP median 14Hz-stim light on = 13.5 [mean ± error = 15.2 ± 5.6]; n = 8; Z = 2.31; p < 0.021, Wilcoxon test; Figure 6I ; Movie S5). There was a decrease in the total number of sequences during the stimulation block (D2/A2A-Cre ChR2 eYFP 14Hz-seq light off = 8.6 ± 0.5 versus D2/A2A-Cre ChR2 eYFP 14Hz-seq light on = 5.2 ± 0.8; n = 13; Z = À3.07; p < 0.003; Wilcoxon test; Figure 6G) and an increase in the number of trials in which mice performed single lever presses (hence the decrease in total presses per sequence, D2/A2A-Cre ChR2 eYFP 14Hz-SingleLp light off = 0.3 ± 0.1 versus D2/A2A-Cre ChR2 eYFP 14Hz-SingleLp light on = 3 ± 0.5; n = 13; Z = 2.95; p < 0.004; Wilcoxon test; Figures  6G and 6H ). Neither 5 Hz stimulation nor 14 Hz stimulation of this pathway after sequence initiation affected the latency to initiate action sequences in the same block (Figures 6D and 6E; p > 0.05, Wilcoxon test) .
These data complement the striatopallidal inhibition findings and indicate that proper activity of striatopallidal neurons during sequence performance permits ongoing actions to continue, while too little or too much activity of the striatopallidal pathway leads to sequence abortion and causes animals to switch to different behaviors (Movie S5).
DISCUSSION
The present results demonstrate that activity of both striatal projection pathways in the DLS is required for proper action initiation and for proper continuation of performance after initiation. Manipulating the activity of the striatal projection pathways before the initiation of an action sequence increased the latency to initiate a sequence (Figure 2) . However, the striatonigral pathway manipulations slowed down or paused the initiation, while the striatopallidal pathway manipulations increased the number of aborted action sequence initiations and promoted switching to other behaviors. Our findings support the simultaneous requirement of activity in both pathways for proper action initiation (Cui et al., 2013; Gallistel, 1980; Hikida et al., 2010; Hikosaka et al., 2000; Isomura et al., 2013; Jin et al., 2014; Mink, 1996) , but also highlight that activity in each pathway has different contributions to initiation. These observations underscore the importance of using optogenetic inhibition (rather than just activation) and state-dependent manipulations to probe the role of ongoing activity in behavior and to disambiguate between different models of basal ganglia function. The results presented here are inconsistent with rate models of basal ganglia activity, where the activation of direct striatonigral pathway would be prokinetic while the activation of striatopallidal neurons would be antikinetic (Albin et al., 1989) . Rather, these results support models in which precise and concomitant activity patterns in both striatonigral and striatopallidal neurons are necessary for proper action selection, with the striatonigral pathway supporting the selection/initiation of a particular motor program and the striatopallidal neurons having a more permissive role, for example, by preventing competing motor programs in the same context (Hikosaka et al., 2000; Mink, 1996; Nishizawa et al., 2012) or by stopping previous actions and promoting switching to new ones (Sano et al., 2013; Schmidt et al., 2013) . Our findings, however, really extend beyond these models, as they show that the inhibition of both pathways after action sequence initiation affects the ongoing performance by decreasing the number of presses and slowing down movements during the period of inhibition (Desmurget and Turner, 2008) (Figure 4) . Therefore, these results support a view where activity in both BG pathways is also required for the appropriate performance of learned actions sequences. Subtle activation of the striatonigral, but not striatopallidal pathway, after sequence initiation, was sufficient to support the continued performance of the ongoing sequence. This effect did not seem to happen through reinforcement of the action upon striatonigral stimulation, as observed when manipulating dorsomedial striatum in previous studies (Kravitz et al., 2012) , because it did not happen early in training ( Figure 5B ) and did not change the probability or latency of an action initiation in the following trials ( Figures 5G  and 5H) . Rather, the effects are consistent with further modulation of the neurons that were active during sequence performance, given the enrichment of striatonigral pathway neurons displaying sequence-specific sustained activity after learning (Jin et al., 2014) and that the same stimulation before movement initiation (5 Hz) did not promote movement. The interpretation that the effects were due to the modulation of neuronal activity patterns involved in action execution and not just a mere prokinetic or reinforcing effect is further supported by the fact that activation of more cells, or the same neurons at a higher frequency, did not sustain action performance, and actually paused it. On the other hand, proper activity of striatopalidal neurons seems to be necessary for allowing ongoing actions to continue as both decrease and increase in activity lead to abortion of ongoing actions. These observations are consistent with recent studies proposing that the direct pathway is more related to exploitative behavior (Chakravarthy et al., 2010) , while the STN-GP complex is more involved in action shifting (Isoda and Hikosaka, 2008; Monchi et al., 2006) or exploration (Chakravarthy et al., 2010) .
The data presented here suggest that action initiation and execution are very dynamic processes, with different neurons of each projection pathway being involved in the different aspects of behavior (consistent with Jin et al., 2014) . These results also suggest new vistas on action selection models, given that it does not seem to be the rate of activity of striatonigral and striatopallidal neurons that selects the desired patterns and inhibits undesired patterns. Rather, it appears that precise activity patterns in each pathway are necessary for initiation and for execution of action sequences; since overactivation and inhibition of both pathways seem to have similar effects in many of the experiments described. These findings suggest that the functional anatomy and organization of the basal ganglia is more complex than traditionally viewed. This is not surprising given the reports that striatopallidal neurons send substantial collaterals to striatonigral neurons (Taverna et al., 2008; Tecuapetla et al., 2009) , striatonigral neurons send collaterals to GPe (Cazorla et al., 2014) , that GPe archypallidal neurons innervate back both MSN types (Mallet et al., 2012) , and that GPe neurons can innervate directly cortical structures (Saunders et al., 2015) . Still, in our experiments, the vast majority of neurons showed positive modulation following optogenetic activation ( Figure S6F ), and we observed the expected effects on the basal ganglia output nucleus SNr ( Figure S7 ). Therefore, it is possible that it is the precise timing/pattern of basal ganglia output activity that is important for action selection (Goldberg et al., 2012) or that the projections originating from SNr are more heterogeneous than previously appreciated.
Organization of Action Sequences
Some models postulate that the production of action sequences could happen in a serial manner, where initiation of one element triggers the execution of the subsequent, etc. (reflex chains [Sherrington, 1906] ). Others defend that action sequences could be represented in a hierarchical manner (Gallistel, 1980; Graybiel, 1998; Hikosaka et al., 2000; Lashley, 1951) , where higher representations of the number and order of elements in a sequence may monitor and control execution of modules. An interesting observation of this study is that despite that inhibition of both striatal pathways decreased the number of presses during stimulation, the total number of lever presses in a sequence did not change ( Figures 7A, 7D, and 7G ). This shows that after light stimulation, animals performed the number of presses necessary to reach the same number of presses performed in sequences without stimulation, suggesting that areas other than DLS can monitor and control the number of presses that are supposed to be done in a sequence. This is even more striking in the case, for example, of 14-Hz stimulation of the dMSN were animals paused ( Figures 5I and 5L ), but resumed performance immediately after pausing and completed the same number of presses as in sequences without stimulation ( Figure 7F ). Furthermore, with 5-Hz activation of the dMSN, where animals increased the number of presses during stimulation ( Figure 7E ), they still performed more presses after stimulation, as if the presses driven by stimulation did not ''count'' for the animal. Also, in the sequences that were not aborted during 14-Hz stimulation of the striatopallidal pathway (60%; Figure 6G ), animals performed sequences with the same number of presses as with no light conditions ( Figure 7I ). These data suggest a somewhat hierarchical organization of lever press sequences, were the total length of elements in a sequence can be monitored and encoded in circuits outside of these basal ganglia pathways. However, that overactivation or inhibition of the striatopallidal pathway ( Figures 4C and 6F-6I ) was sufficient to abort ongoing sequences and cause a switch in behavior, reveals that sequence organization is more complex, and that changes in activity of this pathway can abort an ongoing movement sequence, and lead the animal to switch behaviors. Therefore, these data support a mixed model of sequence organization, with an overall hierarchical organization of action sequences, but with striatopalidal neurons monitoring ongoing performance and having the ability to abort the ongoing sequence and promote the switching to other behaviors.
Conclusions
In conclusion, the work presented here supports a model in which both striatal projection pathways complement each other during action initiation and performance, with the direct pathway mainly supporting the selection/initiation and performance of particular actions and the indirect pathway permitting proper initiation by inhibiting competing movements or promoting switching by monitoring ongoing performance and aborting previous actions. These results show that appropriate complementary activity patterns in these pathways are critical for proper motor control and may have important implications for pathological conditions that produce excessive repetitive behaviors or excessive behavioral switching.
EXPERIMENTAL PROCEDURES Animals
Male mice, 2-to 4-month-old, D1 Cre, A2A or D2 Cre and RGS9L Cre backcrossed into Black C57BL/6J or D1 td-tomato or D2 EGFP were used.
Training
We trained mice to develop self-paced sequences of lever press as previously described (Jin and Costa, 2010; Jin et al., 2014) . A sequence of lever presses was defined as a bout of consecutive lever presses with no entry into the magazine and licking.
Stereotaxic Virus Injections and Fiber Implantation
After anesthesia each animal was bilaterally injected using glass pipettes with1 ml viral stock solution [DIO AAV2/1 ChR2-eYFP (UPENN) DIO AVV2/1 eYFP (UPENN) and DIO AAV2/1 ArchT-GFP (North Carolina)] by pressure into the DLS, coordinates: AP: 0.5 mm, ML, 2.3 mm from bregma, and DV 2.3 mm below the surface of the brain. To deliver light into the striatum, a 200 (ChR2) or 300 (ArchT) mm diameter fiber optic were implanted.
Temporally Defined Optogenetic Striatal Manipulations In Vivo To achieve the optogenetic manipulations of the BG pathways before the initiation of a sequence of lever presses we took advantage of the fact that animals developed stereotypical sequences of lever press (Figures 1A-1D ; Movie S1). Then by setting up a threshold (>6-10 licks signaling of consumption of the reward previously delivered), the next time the animal would move from the magazine to the lever, the infrared beam was broken, and this set a timestamp to trigger light on and to quantify the latency to initiate the sequence of lever presses ( Figures 1C and 1D) . To achieve the light manipulations during the execution of the sequence, we used the timestamp of the first lever press (Figures 4 , 5, and 6).
Anatomical Verification and Stereology Quantification
After extracting the brains of the experimental mice, sectioning the dorsal striatum, mounting and sealing the 50 mm sections, 403 magnification Z stacks (50 3 50 3 30 mm; 2 mm interslice) were acquired from the upper right quadrant using a randomly positioned grid (square grid 200 mm) covering the dorsal striatum (ZEN lite software, Zeiss). These Z stack were imported into the stereo investigator software (MBF Bioscience) and quantification of the NeuN-positive (as neuronal marker, see middle bottom part of Figure 1E ), eYFP-positive or GFP-positive cells was done. To evaluate whether the RGS9L line targets the two striatal pathways, see the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, two tables, and five movies and can be found with this article online at http://dx.doi.org/10.1016/j.cell.2016.06.032.
AUTHOR CONTRIBUTIONS
F.T. and R.M.C. designed and wrote the study; X.J. provided advice about setting the lever press task; and S.Q.L. provided advice for the study and the opsins used.
